The objective of this study was to investigate the relationship between body mass index (BMI) and mortality in the elderly. This study was a nation-wide population-based retrospective cohort study of the National Health Insurance System-Senior Database (NHIS-SD). In this study, a total of 75,856 subjects were identified and selected from among 251,593 individuals aged � 65 years who underwent health screening at least once between 2009 and 2012 and who had no history of diabetes, cardiovascular disease, stroke, cancer, or chronic obstructive pulmonary disease (COPD). The subjects of this study were followed-up until 2013 to identify the total mortality and the cause-specific mortality of 6 groups divided according to BMI. The hazard ratio (HR) by reference group (23 � BMI < 25 kg/m 2 ) of each group was calculated. A significant increase in the HR with a decreased BMI was observed in the group with a BMI < 23 kg/m 2 , whereas the HR in the group with a BMI � 25 kg/m 2 was not significantly different than that of the reference group (23 � BMI < 25 kg/m 2 ). This pattern was also seen in the subgroup analyses in relation to age, smoking history, alcohol use, exercise level, and socioeconomic status. In this study, we found that a low BMI was a risk factor for death in the elderly and that no significant difference in mortality was seen in the elderly with a BMI of 25 or over. In terms of an optimal BMI in the elderly, it is important to maintain an appropriately healthy range of BMI with the aim of preventing weight loss.
Introduction
It is well known that obesity is closely related to the development of chronic pathologies such as hypertension, diabetes, and cardiovascular diseases [1, 2] . The degree of obesity is often measured using the body mass index (BMI) [3, 4] . Previous studies have reported that the relationship between mortality and BMI is not linear but that it is a U-shaped or J-shaped curve [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , indicating that those with a low or a high BMI have higher mortality in contrast to a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 those with a normal BMI. It has also been reported that low body weight is associated with higher mortality [11, 12, 15, 16] .
The relationship between BMI and mortality varies among different age groups and ethnicities [5, 9, 10, 14, 17, 18] . In 2003, the World Health Organization (WHO) recognized that Asians have a higher risk of type 2 diabetes, hypertension, and dyslipidemia at a lower BMI than Europeans. Based on these findings, the WHO suggested that a lower optimal BMI range is needed for Asian-origin populations [3] . Previous studies have also shown that the relationship between BMI and mortality differs between younger adult populations and elderly populations.
Given these findings, it may be difficult to uniformly apply BMI criteria to specific elderly populations. Furthermore, the Korean population may demonstrate a different association between mortality and BMI in contrast to that observed in the Western population. Therefore, we opted to conduct this nationwide population-based retrospective cohort study with the aim of investigating the relationship between BMI and mortality in the elderly Korean population.
Materials and methods

Setting and participants
The National Health Insurance System-Senior Database (NHIS-SD) is a subsample of the National Health Insurance Service Claim Database (NHIS-CD). NHIS-SD consists of a 10% sample of randomly selected elderly individuals aged over 60 years who were living in Korea at the end of 2002. The database contains demographic and household income data (including socioeconomic factors), medical records, health screening check-up results, and questionnaires [19] . The NHIS Claim Database can be considered representative of the Korean population because almost all Koreans are covered by the National Health Insurance Service. By using the NHIS database, we were able to obtain follow-up mortality data.
Among the cohort, we selected 251,593 people aged � 65 years who were found to have had a waist circumference measurement taken at least once during health screening between 2009 and 2012. In Korea, the age at which long-term care insurance benefits are generally applied is over 65. Therefore, we defined individuals aged over 65 years old at the time of the study cohort entry as elderly.
After applying the exclusion criteria, a final study population was selected. In order to minimize reverse causality and the effect of underlying disease on mortality, patients who had indicated a history of diabetes, cardiovascular disease, or stroke in the questionnaire were excluded from this study. In addition, those who were diagnosed with diabetes, cancer, myocardial infarction, stroke, or COPD were also excluded from this study. As this was a retrospective study, the need for individual consent was waived. All data were anonymous and depersonalized. This study was approved by the Institutional Review Board of Korea University Ansan Hospital.
Between 2009 and 2012, we identified 251,593 people aged � 65 years who had undergone health screening at least once; of these, 2,178 were excluded owing to missing data. Another 53,390 individuals were excluded due to their self-reported history of cardiovascular disease, stroke, and diabetes (as indicated in the questionnaires), and 120,169 were further excluded based on a clinical diagnosis of myocardial infarction, stroke, COPD, and diabetes according to disease codes, yielding a total of 75,856 study subjects. These subjects were followed-up until 2013 to identify the total mortality and the cause-specific mortality rates. The mean follow-up period was 3.65 years. During this time, there were 3,717 deaths, of which 1,489 (40.1%) were due to cancer and 728 (19.6%) were due to cardiovascular disease. . Height and waist circumference were measured in centimeters, and body weight was measured in kilograms.
Determinants of disease and demographic factors
We divided participants according to these categories in order to classify possible subgroups based on generally accepted obesity criteria for the Korean population and determine the optimal weight range. During this process, it was determined that the BMI criteria for Asians are different from those of Caucasians.
A detailed history of smoking, alcohol use, and exercise level was collected using the questionnaires. The populations were further stratified according to age (< 75 years, � 75 years), exercise level (strenuous exercise at least 3 days a week or moderate exercise for at least 5 days a week), smoking status (current smokers, non-smokers), and alcohol use (alcohol users, nonusers). The socioeconomic status (SES) of the subjects was evaluated, and the subjects were allocated into 2 groups (lower 20% plus Medicaid, the others). The criteria for evaluating the socioeconomic status of the subjects were based on the average monthly insurance premiums imposed by the Korean National Health Insurance Corporation (NHIC), which are determined based on poverty level and monthly household income in Korea.
The medical history of the subjects was collected based on the ICD-10 diagnoses, pharmacy codes, prescribed medications, and previous medical histories. ICD-10 codes were used to define the cause of death, such as cardiovascular disease (I00-I99) and cancer (C00-D48).
Clinical outcomes
The clinical outcomes of this study included the total all-cause mortality and the cause of death (cancer, myocardial infarction, stroke). Total mortality was further stratified according to age, exercise level, smoking status, and alcohol drinking.
Statistical analysis
The mortality for each BMI group was adjusted for variables including age, exercise level, smoking status, alcohol use, and SES. The Cox proportional hazard regression model was used to calculate the hazard ratio (HR). The log-log survival (LLS) plot for each outcome is plotted to determine the cox proportion assumption, and the curves are parallel to each BMI level, so the proportional assumption is satisfied (S1 Fig) . The HR and 95% confidence interval were calculated for each BMI group and compared to the reference group (23 � BMI < 25 kg/ m 2 ). In this elderly sample, there was a real possibility of reverse causality, so in an effort to reduce this possibility, we conducted a detailed subgroup analysis, excluding those who died in the first year of cohort entry. Older people who died within one year of cohort enrollment are more likely to have died of previous illnesses that could directly affect BMI. All statistical analyses were performed using SAS version 9.3 software. All tests were two-tailed, and pvalues < 0.05 were considered statistically significant.
Results
Study subjects
The characteristics of the subjects are summarized in Table 1 . There were significantly fewer males (42.3%) than females. The mean age of the subjects was 72.7 ± 4.7 years (males, 72.2 ± 4.4 years; females, 73.1 ± 4.9 years). The proportion of those aged � 75 years was 26.4%. The proportion of current smokers was 24.9%. The proportion of those who used alcohol was 26.0%. In terms of exercise, 16.8% of the subjects were categorized into exercise groups. The proportion of those with a low SES was 23.1%.
The characteristics of the subjects in different BMI groups are shown in S1 Table. The mean age was higher in the lower BMI groups, which was observed in both males and females. The smoking rate was higher in the lower BMI groups. The blood glucose level, cholesterol level, and blood pressure tended to increase along with BMI.
Association between body mass index and all-cause mortality
The relationship between BMI and all-cause mortality is shown in Table 2 . A correction for age and sex revealed an inverse J-shaped association between BMI and all-cause mortality. The HR was lowest in the moderately obese group (27.5 � BMI < 30 kg/m . We also attempted a subgroup analysis to reduce the likelihood of reverse causality, excluding those who died within one year. The results showed similar pattern to the results of all participant analysis ( Table 2) . This pattern was consistently seen in the subgroup analyses in relation to age, smoking history, alcohol use, exercise level, and SES (Table 3) . In both sexes, the HR increased with a decrease in BMI for those with a BMI of < 23.0 kg/m ) in all subgroups. After stratifying for SES, the middle and high SES groups showed a similar increase in the HR with a low BMI and a less clear difference in the HR with increasing BMI. However, there was a slight increase in the HR with increasing BMI in the low SES group, but this was not statistically significant.
Additionally, S1 Fig is the Kaplan-Meier survival curve showing the differences in all-cause mortality, cancer mortality, and CVD mortality by BMI category group.
Association between body mass index and cause-specific mortality
The relationship between BMI and cause-specific mortality is shown in Table 2 . The relationship between BMI and cardiovascular-related death was not different from that between BMI and all-cause mortality. Cardiovascular-related mortality had the lowest HR in the slightly obese group (27.5 � BMI < 30 kg/m 2 ), but this was not statistically significant. However, the HR was higher with lower BMI in those with a BMI < 23 kg/m 2 . A similar result was seen for BMI and cancer-related death, though the inverse J-shape was weak in contrast to that of the cardiovascular disease model. The HR was higher with lower BMI in those with a BMI < 23 kg/m 2 , whereas there was no significant difference in the HR with increased BMI in those with a BMI � 25 kg/m 2 .
Discussion
In this retrospective cohort study of the elderly in Korea, the relationship between all-cause mortality and cause-specific mortality and BMI was analyzed. In general, the relationship between all-cause mortality and cardiovascular and cancer-related mortality and BMI showed an inverse J-shaped distribution, in both the male and female subgroups. In contrast to the reference group (23 � BMI < 25 kg/m 2 ), the group with a BMI < 23 kg/m 2 showed increased mortality with decreasing BMI, whereas there was no significant relationship between BMI and mortality in those with a BMI � 25 kg/m 2 . This pattern was unchanged in further stratified analyses based on age, smoking status, alcohol use, exercise level, and SES. A recent Korean study based on the NHIS national standard cohort data of the Korean adult population [12] , as well as other previous studies on the total adult population, have generally showed a U-shaped distribution of mortality for increasing BMI, with increased mortality in the groups with either a high or a low BMI. However, in the present study, the relationship between mortality and BMI had an inverse J-shaped distribution. This suggests that age is a factor affecting the relationship between BMI and mortality. Previous populationbased studies from Korea and overseas have either shown less of a rise in mortality with increasing BMI in the elderly in contrast to a younger population or unchanged mortality with increasing BMI [5, 14, 17, 18] . These studies, together with the current study, all suggest that the effect of obesity on the mortality rate is reduced in the elderly population, with a higher mortality in those with a low BMI. Whereas previous studies showed higher cardiovascularrelated mortality with increasing BMI in the general adult population [15] , the cardiovascularrelated mortality did not significantly increase with increasing BMI in the elderly in this study. Interestingly, while a BMI increase of > 23 kg/m 2 was not associated with a clear increase in the mortality rate among the elderly, the mortality rate was significantly higher in those with a lower BMI. The risks associated with a low BMI, as described in previous studies [11, 12, 14] , tend to be poorly evaluated. Hong et al. have suggested that this may be due to a relatively small number of individuals with a low BMI in American and European populations and possibly to reverse causality theory [14] . Reverse causality refers to the phenomenon whereby the result has an effect on the cause via a different pathway. Therefore, a reverse causality theory of low BMI and mortality suggests that low BMI is not an independent risk factor of death, but rather that other factors which have an adverse effect on general health also contribute to a low BMI. An example of this is the association between smoking, underlying disease, and BMI [20] . However, previous large-scale studies in the U.S. [21] and studies on the Korean population that corrected for smoking status and excluded patients with chronic diseases to eliminate reverse causality still showed a significant association between low BMI and mortality [11, 12, 14] . In this study, we sought to eliminate reverse causality by excluding those with underlying disease such as cancer, cardiovascular disease, stroke, diabetes, and respiratory disease and by correcting for smoking status. Nevertheless, the results of this study still carry the potential for reverse causality, which must be considered when interpreting the results. The higher mortality in elderly subjects with a lower BMI can be explained in two ways. First, low BMI is associated with sarcopenia. The relationship between sarcopenia and mortality has been reported in many previous studies in which it was demonstrated that sarcopenia increases the total mortality and risk of hospital readmission [22, 23] , with a documented reduction in BMI in patients with sarcopenia [24] and higher rates of sarcopenia in low-weight elderly subjects [22] . Thus, elderly subjects with a lower BMI have more sarcopenia than those with a higher BMI, which may be a risk factor for higher mortality in elderly subjects with various comorbidities. Future studies on mortality and muscle mass, as measured by limb muscle circumference, will further elucidate this hypothesis. Second, low BMI is associated with malnutrition. Previous studies on hospital inpatients showed that those with a poor nutritional status had a lower BMI and higher mortality [25, 26] . Another long-term study on old patients showed that nutritional status and BMI were associated with mortality [27] . Therefore, elderly people with a lower BMI are more likely to have poor nutrition than those with a higher BMI, which may influence the total mortality.
The effect of SES on the relationship between BMI and mortality in elderly is another interesting factor. In this study, the subjects were divided into either a low SES group (lower 20% plus Medicaid) or a middle-to-high SES group. A greater increase in mortality in those with a BMI < 23 kg/m 2 was observed in the lower SES group, along with a higher mortality in those with a BMI � 27.5 kg/m 2 , although this did not have statistical significance. The results of previous studies have suggested that low SES populations are prone to either obesity or decreased body weight, and their results have demonstrated a significant relationship between SES and mortality, which may be attributable to lower educational status, poor health-related behaviors, and limitations in the capabilities of local community health systems and accessibility [28] [29] [30] [31] . This study has a number of strengths. First, the NHIS elderly cohort data included various factors, including BMI, mortality, sex, age, smoking status, exercise level, alcohol use, and SES, to enable a stratified analysis and more accurate estimations. Second, this was a large-scale study with > 70,000 elderly subjects whose data were used to calculate a valid association between BMI and mortality. The elderly cohort database is a research resource designed to support the elderly, with information regarding risk factors and prognosis of geriatric diseases. Approximately 550,000 people, about 10% of the 5.5 million Korean elderly people (aged 60 years or older) who had maintained their health insurance and medical care status at the end of December 2002, were enrolled in this cohort. Based on the public health report of the Korean Center for Diseases Control (KCDC), the prevalence of obesity among older adults was 34.2% in 2012, which is similar to the obesity prevalence estimated by the elderly cohort. Third, to reduce the possibility of reverse causality, the effects of important health behaviors on mortality, including smoking, alcohol and exercise, were considered together, and subjects with a medical history of cancer, cardiovascular disease, cerebrovascular disease, diabetes, and respiratory disease were excluded, which still resulted in a significant relationship between low BMI and high mortality.
This study has also several limitations. First, this study is based on NHIS data and only included subjects who had undergone health screening. Since those who undergo health screening at least once every two years may have a greater interest in their health and wellbeing in contrast to those who do not and may be more likely to have a healthy lifestyle, this may have introduced a selection bias. Second, the proportion of very obese subjects with a BMI greater than 30 kg/m 2 was only 2.5% of the elderly population, which made stratification of this group difficult. Future studies with a greater number of subjects will allow for a subgroup analysis of very obese subjects, a more meaningful analysis of the relationship between an increased BMI and mortality, and calculation of the optimal and acceptable BMI range for the elderly. Third, the mortality rate was corrected for waist circumference measurement in this study, but specific measures of body composition, such as the fat mass, muscle mass, and body fat component could not be considered. Fourth, since the mean follow-up duration in this study was only 3.7 years, there is the possibility that too few deaths were observed considering the high level of longevity among the Korean elderly, which undermines the study results. In order to compensate for this, it will be necessary to increase the follow-up period in subsequent studies and to include other outcomes such as morbidities, activities of daily living (ADL), and performance status. There were two remarkable findings in this study. First, the effect of a high BMI on increased mortality was less in the elderly than that in the total adult population. Previous studies on the total adult population suggested a relatively small optimal BMI range, whereby any increase in the BMI above this optimal BMI range resulted in increased mortality. However, there was no clear increase in mortality in the elderly with increasing BMI above the BMI range of 23 � BMI < 30 kg/m 2 , which made it difficult to estimate the optimal elderly BMI range. While the results from this study alone cannot be used to definitively conclude that a high BMI is not associated with increased mortality in the elderly, it may be that the effect of an increased BMI on the mortality is less significant in the elderly in contrast to that in the total adult population. The groups with 18.5 � BMI < 23 kg/m 2 (which corresponded to the optimum BMI range of 18.5 � BMI < 23 kg/m 2 for Asians, as suggested by the WHO) [3] all had significantly higher HRs in contrast to the reference BMI (23 � BMI < 25 kg/m 2 ) group, which suggests that the WHO BMI criteria may not be applicable to all elderly populations worldwide. Additionally, the results of this study suggest that a low BMI may be a more prominent risk factor for future mortality in the elderly, rather than mild obesity. Hence, the maintenance of an appropriately healthy range of BMI with a focus on preventing weight loss should be prioritized in the elderly. 
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